Introduction
Current antiretroviral (ARV) drug-based microbicides, such as those based on a nucleoside reverse transcriptase inhibitor (NRTI), may be helpful in stopping the spread of HIV/AIDS in women. 1 However, these microbicides may now be challenged by the rapid emergence of HIV resistance, as a result of their widespread use during the past decade. HIV entry inhibitors constitute another class of ARV-based microbicides, which interfere with the entry of HIV virions into target cells. 2, 3 Because HIV entry inhibitors block the first step of the HIV life cycle, they should be more suitable than others as candidate microbicides to prevent HIV infection.
Recently, our group has demonstrated that 3-hydroxyphthalicand maleic anhydride-modified ovalbumin (HP-OVA and ML-OVA, respectively) exhibited broad anti-HIV-1 activity by blocking HIV entry. 4, 5 Our previous studies also showed that the combination of HP-OVA and some ARV-based candidate microbicides could increase anti-HIV-1 activities, 6 suggesting that such combinations could be developed into an ideal microbicide.
However, the clinical application of anhydride-modified OVAs in humans may cause allergy and other immune responses because OVA comes from chicken egg white. 7 Here we replaced OVA with human serum albumin (HSA) for the preparation of 3-hydroxyphthalic anhydride-modified HSA (HP-HSA). Because HSA constitutes about one-half of the human blood serum protein, HP-HSA applied in the human vagina is expected to be less immunogenic and allergenic than HP-OVA, a product containing the animal protein OVA. Here we evaluated the in vitro antiviral activity of HP-HSA and studied its putative mechanism of action.
Materials and methods

Reagents
Different virus strains, MT-2 cells, TZM-bl cells and zidovudine were obtained from the National Institutes of Health AIDS Research and Reference Reagent Program. VK2/E6E7 cells, Ect1/E6E7 cells and End1/E6E7 cells were purchased from ATCC (Manassas, VA, USA). CEMX174 5.25M7 cells were kindly provided by Dr C. Cheng-Mayer (The Rockefeller University, New York, NY, USA). 8 3-Hydroxyphthalic anhydride (HP), HSA, phytohaemagglutinin (PHA) and XTT were purchased from Sigma (St Louis, MO, USA).
Viral infectivity assay
The inhibitory effects of HP-HSA on infection by different laboratoryadapted, primary and drug-resistant HIV-1 strains were measured as previously described. 4, 5 Briefly, graded concentrations of HP-HSA were incubated with virus target cells [1×10 5 cells/mL of MT-2 cells, TZM-bl cells or peripheral blood mononuclear cells (PBMCs)] and 100 TCID 50 ('50% tissue culture infective dose') of different HIV-1 strains at 378C. At various times post-infection (4, 3 or 7 days), the p24 antigen levels or luciferase activities were assayed.
The effective concentration for 50% inhibition (EC 50 ) was calculated using CalcuSyn software. 9 
Cytotoxicity assay
The in vitro cytotoxicities of HP-HSA on HIV-1 target cells (MT-2 cells, TZM-bl cells and PBMCs) and human vaginal and cervical epithelial cells (VK2/E6E7 cells, Ect1/E6E7 cells and End1/E6E7 cells) were measured by XTT assay as described previously. 4, 5 The 50% cytotoxic concentrations (CC 50 s) were calculated using CalcuSyn software. 10 
Effect of HP-HSA on proliferation and function of PBMCs
The proliferation of PBMCs was determined as previously described. 11 In brief, spontaneous or PHA-stimulated PBMCs were incubated with HP-HSA for 72 h and then measured by XTT assay. The effects of HP-HSA on the secretion of interferon-g (IFN-g) by PBMCs stimulated by PHA or not were detected using an enzyme-linked immunospot (ELISPOT) kit (Mabtech, Mariemont, OH, USA) following the manufacturer's protocols. The spots of IFN-g-producing cells were counted with the ELISPOT reader system (Carl Zeiss, Germany).
Effect on HIV-1 entry by time-of-addition assay
For the HIV-1 IIIB or BaL strain, 40 or 400 nM HP-HSA was added to MT-2 or TZM-bl cells, respectively, at different intervals post-infection (0, 0.5, 1, 2, 4, 6 and 8 h). Zidovudine at 200 nM or 2 mM, respectively, was included as a control. At 3 or 4 days post-infection, p24 antigen or luciferase activity was measured as described previously. 4 
Results and discussion
We previously demonstrated that HP-OVA and ML-OVA exhibited high anti-HIV-1 activity and low cytotoxicity in vitro, which indicated that they had promising potential to be developed as microbicide candidates. 4, 5 However, as OVA is a protein of nonhuman origin, if used repeatedly in human beings it might induce anti-OVA antibodies, which could neutralize the antiviral activity of products containing OVA, or may cause allergic reactions. Therefore, we replaced OVA with HSA in preparing a new microbicide candidate, HP-HSA. Since HSA is one of the most common human blood proteins, HP-HSA is expected to be much safer than HP-OVA and ML-OVA as a topical microbicide. The data presented are from one representative experiment out of three. b NL4-3 D36G is an enfuvirtide-susceptible strain, which is the parent strain used for the generation of enfuvirtide-resistant mutants, including NL4-3 (36G)V38A and NL4-3 (36G)V38E/N42S . NL4-3 (36G)V38E/N42S is also resistant to T1249.
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Notably, the anti-HIV-1 activity of HP-OVA was related to the percentages of HP-modified and unmodified lysine and arginine residues. 4 HSA contains 59 lysines and 27 arginines, while OVA has only 20 lysine and 15 arginine residues. In theory, HP-HSA is expected to have more potent anti-HIV-1 activity than HP-OVA because there are more alkaline amino acid residues in one HSA molecule than in an OVA molecule. Indeed, HP-HSA exhibited highly potent antiviral activities against infection by distinct laboratory-adapted and primary HIV-1 strains, particularly the R5 viruses (Table 1) ; these activities were much more potent than those mediated by anhydride-modified OVAs. 4, 5 One possible reason that early generations of microbicide candidates, such as Carraguard, have failed to prevent HIV-1 acquisition in clinical trials may be their relatively low efficacy against HIV-1 R5 isolates. 12 Thus, HP-HSA has obvious advantages over those anionic polymer-based microbicide candidates.
The rapid emergence of HIV-1 variants with multidrug resistance remains one of the greatest challenges facing the future of microbicide development. 13 Here we demonstrated that HP-HSA exhibited high antiviral activities against HIV-1 variants resistant to NRTIs (e.g. zidovudine), non-nucleoside reverse transcriptase inhibitors (e.g. strain A17) and HIV-1 fusion inhibitors [e.g. strains NL4-3 (36G)V38A and NL4-3 (36G)V38E/N42S ] ( Table 1) . These results indicate that HP-HSA is capable of preventing the sexual transmission of HIV-1 strains that are resistant to currently used antiretrovirals.
The control protein, unmodified HSA, had no inhibitory activity against any of the tested HIV-1 strains, even at concentrations up to 10 mM (data not shown). It is worth noting that HP-HSA is at least 10 times more potent than HP-OVA and ML-OVA against most HIV-1 isolates. 4, 5 Currently, tenofovir gel is one of the most promising ARV-based candidate microbicides. 1 Our previous studies have shown that tenofovir has highly potent antiviral activity against a broad spectrum of HIV-1 strains, with EC 50 s in the range of 0.020 -0.231 mg/mL. 6 We have also demonstrated that combining HP-OVA with tenofovir resulted in synergistic and complementary anti-HIV-1 effects. 6 These results suggest that HP-HSA might be even more suitable for working cooperatively with these ARV-based microbicide candidates against both drug-susceptible and -resistant HIV-1 strains.
An ideal microbicide must be not only effective but also safe to use. Tests showed that HP-HSA had very low cytotoxicities in vitro and the selectivity indexes (SIs) were .10 000 on cells susceptible to HIV-1 infection and reproductive tract epithelial cells (Table S1 , available as Supplementary data at JAC Online). Naive CD4+ T lymphocytes in human beings play an important role in the immune system. One advantage of HP-HSA is that the protein originates from human serum, which is expected to have much less deleterious effects than animal proteins on the function of immune cells in the blood circulation. By XTT and ELISPOT assay, we confirmed that HP-HSA had no significant effects on the proliferation and IFN-g secretion of normal or PHA-stimulated PBMCs ( Figure S1 , available as Supplementary data at JAC Online). These results suggest that HP-HSA, when used as a topical microbicide in humans, may not cause significant adverse effects on the human immune system.
In the time-of-addition assay, HP-HSA exhibited significantly decreased inhibitory activity against both X4 and R5 viruses when it was added 0.5 -2 h post-HIV-1 infection (Figure 1) . However, the positive control, zidovudine (an NRTI) continued to exert its full effect, even when it was added to cells 8 h postinfection. These results illustrate that HP-HSA exhibited antiviral activities at an early stage of viral entry with a window of 2 h. The ability of HP-HSA to target the viral entry step and block HIV-1 transmission at the initial stage of viral infection makes it an excellent candidate for prophylactic use as an anti-HIV-1 microbicide candidate.
In short, HP-HSA is a broad-spectrum HIV-1 entry inhibitor with low cytotoxicity and easy preparation, thus having a low cost of production. Those properties, together with strong anti-HIV-1 efficacy, especially against drug-resistant strains, suggest that HP-HSA has the potential to be developed further as a safe and effective microbicide. Combination of an HP-HSA-based microbicide and an ARV-based microbicide 
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